Introduction
LiNbO 3 is one of the most technologically important oxides, with an extraordinary combination of ferroelectric, piezoelectric, acoustic, and optical properties [1, 2] . Much work has focused on the congruent composition of LiNbO 3 [3] [4] [5] . Recently, however, stoichiometric LiNbO 3 has been synthesized using the double crucible Czochralski (DCCZ) [6, 7] and vapor transport equilibration (VTE) methods [8] [9] [10] . The change of composition from the congruent (lithium poor) composition to the stoichiometric composition results in significant changes in the physical properties of the system, including the Curie temperature [11] , the ferroelectric coercive field [11, 12] , and the photorefractive properties [2] . These changes in physical properties are thought to be due to the point defects and defect clusters. Yet, very little is known about the detailed structure and energetics of such clusters. 4 Author to whom any correspondence should be addressed.
There are three models for intrinsic point defect structures in LiNbO 3 . In the first model (model I), two lithium vacancies are compensated by an oxygen vacancy (2V Li + V ·· O ) [13] . In the model II, niobium antisites are compensated by niobium vacancies (5Nb ···· Li +4V Nb ) [14] . Model III, consists of a niobium antisite compensated by lithium vacancies, (Nb ···· Li + 4V Li ); this has been found to be dominant from experimental X-ray and neutron diffraction studies [6, [15] [16] [17] and density functional theory calculations [18] . Furthermore, Kim et al [19] proposed a plausible structure for model III in which the niobium antisite is surrounded by three lithium vacancies in nearest neighbor positions, plus one independent lithium vacancy along the z direction. Such defect clusters can possess a dipole moment that can lead to a local change in the polarization relative to that of the bulk system [20, 21] . Depending on whether the defect dipole is parallel or antiparallel to the ferroelectric polarization, the system may be in either an equilibrated or frustrated state [2] . However, structural analysis suggests that many other arrangements of the Li vacancies are possible. In some arrangements, the polarization could also be more complicated than Kim's model, since it could have contributions in the plane normal to the uniaxial bulk polarization. A fundamental understanding of these local arrangements and the effects of these arrangements on the ferroelectricity is still lacking.
Here, density functional theory is combined with thermodynamic calculations to determine the relative stability of various defect cluster arrangements of lithium vacancies around a niobium antisite (model III). The various arrangements are classified based on how many lithium vacancies are in the first nearest neighbor position and on their positions relative to each other. In a previous DFT study it was found that a niobium antisite compensated by four lithium vacancies (Nb ···· Li + 4V Li ) is the dominant defect under Nb 2 O 5 -rich (i.e., congruent) conditions [18] ; all calculations in this paper are thus performed under these conditions. The relative energies of a number of these configurations are calculated; because all of the configurations of this cluster have the same composition, these relative energies are independent of the thermodynamic reference state chosen. In order to predict whether such defect clusters are mobile or static, the energy barrier for migration and consequent diffusivity of lithium are obtained. Finally, the effects of the defect arrangement on the local net polarization are determined.
Methods
The first principles calculations are carried out using the projected augmented wave (PAW) method [22] combined with generalized gradient approximation (GGA), as implemented in the Vienna ab initio simulation package (VASP) [23, 24] [25] k-point mesh is used and the cut-off energy for the plane wave basis set is 400 eV [18] . The structure is optimized until the energies and forces are converged to 0.01 eV and 0.01 eVÅ −1 . The computational supercell for all the calculations contains 2 × 2×2 conventional unit cells, which amounts to 240 atoms with 1440 electrons. The defect formation energy (DFE) of a defect or defects, α, with charge state q is defined as [26] 
where E total (α, q, T, P) is the defect formation energy of defect α with charge state q; E total (α, q) is the total energy obtained from DFT calculation of a supercell with the defect(s); E total (perfect) is the total energy of the supercell without any defects. n i is the number of atoms of species i that have been added to (n i > 0) or removed from (n i < 0) the supercell when the defects are created; μ i is the chemical potential of element i . ε F is the Fermi energy with respect to the valence band maximum in the bulk single crystal. E v is the valence band maximum of the bulk single crystal. As discussed by Van de Walle and Neugebauer [26] , a correction term V , which is the difference in the electrostatic potentials of the defected and undefected systems, is needed to align the valence band maxima in the perfect and defected structures.
The dipole moment of the system is calculated using the conventional definition, which is the product of the magnitude of the charge with the distance between negative and positive charge [27] . To find the exact saddle point and the minimum energy path (MEP) between various crystallographically distinct variants of the defect cluster, transition state searches are carried out using the climbing image nudged elastic band (NEB) method [28, 29] implemented in VASP. The energy barrier is then calculated by taking the difference between the highest energy of the transition state and initial structure. For each possible diffusion path, eight images are employed, which is enough to obtain a good estimate of the MEP.
Structure and association effects
Both the niobium antisite and the lithium vacancies lie on the Li sublattice, therefore, the specific structure can be characterized in terms of this sublattice alone. The energetics is governed by the structural relaxation of all the ions in the cluster and the ions in its vicinity. Because there are so many possibilities, it is not feasible to characterize all the possible arrangements of the Li vacancies. However, the most important distinction is between arrangements in which the vacancies are very close to the Nb antisite and arrangements in which defects are a considerable distance apart. Thus, the clusters can be categorized in terms of the number of first nearest neighbors (FNNs), with the remaining vacancies further away. In the A0 structure, there is no association of the vacancies; this is the case analyzed previously and found to have negative formation energy for the Nb 2 O 5 reference state [18] . For A1 and A2, only the lithium vacancies in the first nearest neighbor positions are explicitly included in the supercell calculation. For A3 and A4, to maintain the overall charge neutrality and characterize possible local charge effects, all the lithium vacancies are explicitly included in the supercell calculation. Taking A3 as an example, three lithium vacancies are in the FNN position while the fourth lithium vacancy is far away from defect cluster. The dependence of the DFE on the number of lithium vacancies in the FNNs of niobium antisite is given in figure 1 . Because, as illustrated in the figure, the energy decreases with the number of FNNs, further analysis is focused on the A3 and A4 cases. Since there are six possible sites for the vacancies in the first neighbor shell, there are a number of structurally distinct variants of the A3 and A4 clusters. Each data point in figure 1 corresponds to a distinct configuration. The difference in energy between a given cluster and the A0 structure is the association energy of the cluster; Thus, the association energy for the various A4 cluster are all ∼0.25 eV/defect. Because the association energies of the A3 Table 1 . Defect formation energies and polarization of various A3 configurations. Kim-parallel represents that both defect and bulk have the same direction of polarization. Kim-antiparallel represents that the polarization direction of defect and bulk is opposite. The 1-2-3-8 and 4-5-6-7 configurations are illustrated in figures 2(a) and (b). All these models only possess polarization along [0001] direction. The bulk polarization is calculated to be 63.7 μC cm −2 , which is in excellent agreement with experimental value 62 ± 4 μC cm −2 base on near-stoichiometric sample [39] . The polarization of congruent LiNbO 3 is ∼71 μC cm −2 [40] . and A4 structures are very similar, the energetics of a number of variants of each is examined in detail below. Configuration A3. While there are a finite number of crystallographically distinct arrangements of the three FNN vacancies, the fourth 'far away' vacancy could be anywhere. One particular A3 model was proposed by Kim et al [19] , in which the fourth Li vacancy lies along the z direction on the opposite side of the niobium antisite, as shown in figure 2(a). Two different configurations using Kim's model are considered in the present study: one in which the dipole moment of the cluster is parallel to the bulk ferroelectric polarization (4-5-6-8, Kim-parallel), the other with the defect dipole is antiparallel to the bulk polarization (1-2-3-7, Kimantiparallel). The dipole moment of each system is shown in table 1, the Kim-parallel structure has a slightly lower energy (by 0.03 eV) than Kim-antiparallel structure. Because both of the structures preserve the rhombohedral symmetry of the system, there are no components of polarization orthogonal to the bulk uniaxial polarization; as a result, the polarization remains purely uniaxial.
In figure 2 (b), three configurations have been proposed, which could yield much larger electric dipole moments of defect clusters than Kim's model (table 1) . These correspond to vacancies on the 1-2-3-8, 1-2-3-9 and 4-5-6-7 sites, respectively.
Cases 1-2-3-8 and 1-2-3-9 have dipole moments parallel to the bulk polarization direction while the dipole moment of 4-5-6-7 is antiparallel to the bulk polarization. These configurations are similar to Kim's model, in that three lithium vacancies lie in an FNN plane, (1, 2, and 3 in figure 2 ). However, they differ in the position of the fourth lithium vacancy (8 or 9), which in all cases lies on the same side of the Nb antisite as the plane of three Li FNN vacancies. The polarization and DFEs calculated based on these proposed configurations are given in table 1.
The comparison of the DFEs and polarizations of both Kim's model and the variants of the proposed configuration are also given in table 1. There is only ∼0.03 eV/defect difference between the highest and lowest energy variants. Table 1 does not show any clear relationship between the polarization and DFE. For the corresponding structures, such as parallel versus antiparallel Kim's model, the DFE decreases as the local polarization of the system (ferroelectric plus defect dipole) increases, which is consistent with the prediction of Gopalan et al [2] . However, it is not possible to compare structures because the difference in energy can be caused by both polarization and structural relaxations. (see table 2 ). These non-uniaxial components are not negligible, amounting to up to 7.9% of the uniaxial component (for the A4-A structure). However, since all the symmetry equivalent structures of each of the four structures are equally likely, the system should maintain the overall, though not local, polarization of a bulk system as uniaxial, because the non-uniaxial contributions of an ensemble of defect clusters can be expected to cancel out.
As discussed in detail previously, the formation energy of defects depends on the physical conditions. In particular, experimentally, the properties of congruent (Lipoor) and stoichiometric LiNbO 3 are different from each other. In the thermodynamics calculations, the congruent case thus corresponds to using Nb 2 O 5 as the reference state; correspondingly, the stoichiometric case corresponds to using Li 2 O as the reference state. All of the above analysis has been for the Nb 2 O 5 reference state. The DFE dependence on the reference state is given in figure 3 . It can be seen that as reference state change from congruent (Nb 2 O 5 such as Line EF in figure 3 ) to stoichiometric (Li 2 O reference state, such as Line AD in figure 3 ) the DFEs change. As a result, the dominant defects change from niobium antisite compensated by lithium vacancies to lithium Frenkel pairs for the stoichiometric system. The positive value for DFE using the Nb 2 O 5 reference may better represent the experimental condition of growth condition of congruent LiNbO 3 .
The range of formation energies for these configurations is relatively small, only 0.05 eV/defect for A4. Thus, all such configurations are likely to be present at room temperature. This can be seen explicitly by estimating the vibrational free energies of the various configurations. To calculate these, we have used lattice dynamics calculations at the level of the quasi-harmonic approximation, carried out using the using General Utility Lattice Program (GULP) [30, 31] with the empirical potential for LiNbO 3 by Araujo and Jackson [32] . The total difference in the vibrational free energy between perfect and the supercell crystal with the Nb antisite compensated by Li vacancies is calculated to be only 1.8% of the formation energy at room temperature; thermal effects therefore do not destabilize such a cluster. However, the range of vibrational free energies among the various configurations is ∼0.1 eV at room temperature, confirming that each is likely to be present experimentally.
Because all the configurations can be expected to coexist in a real system, the polarization can be expected to include the effects of many defect configurations. Any comparison between simulation and experiments has to be treated with extreme caution because the dipole moments calculated in the present study represent an average over the simulation supercell. Thus, it represents a local polarization rather than the polarization averaged over a macroscopic region. It should also be noted that the dipole moments associated with the cluster will not switch orientation under domain reversal process unless there is a diffusive rearrangement of the ions in the cluster. The difficulty of rearranging the ions in the cluster could also cause domain-wall pinning by these defect clusters [33] .
Diffusion of lithium vacancy and dynamics of defect complex
As the above analysis has shown, the DFEs of all of the A3 and A4 complexes are similar to each other. It is therefore of considerable interest to determine whether these structures can be expected to be long lived or whether the energy barriers to Li vacancy migration are sufficiently low that they might be highly dynamic, with Li vacancies diffusing among the various nearly energetically equivalent sites. If the defects are indeed dynamic, the non-uniaxial components of the polarization of each individual cluster may dynamically cancel out locally.
To set the context for this analysis, the diffusion of an isolated Li vacancy through the Li sublattice in LiNbO 3 is The energy barriers associated with each of path A, B and C are given in figure 5. The energy barrier for diffusion within the basal plane (path C) is much higher than the values for diffusion between the first nearest neighbors of the Li sublattice (paths A and B). It is also observed that the diffusion path between the first nearest neighbors in the Li sublattice is neither straight (path A) nor exactly through the vacant site (path B), but is a compromise between the two. Furthermore, the diffusion barriers for this path is calculated to be 1.63 eV, which is in excellent agreement with the experimental values of the Li migration energy of 1.55 eV [34] , 1.62 eV [35] , (table 3) . This result is consistent with the conjecture that the diffusion mechanism in LiNbO 3 is through the migration of lithium vacancies on the Li sublattice [37] . The diffusivity of lithium vacancy can be calculated using the standard diffusion formula [27] 
where λ is the jump distance, ν 0 is the vibration frequency of the atoms, H is the migration energy, k B is the Boltzmann constant, and T is the temperature. Making the standard assumption [27] , the vibration energy hν 0 is assumed to be the same as the thermal energy k B T , where h is the Planck constant. The jump distance between the first nearest Li neighbors is 3.771Å. At room temperature (298 K), the diffusivity is calculated to be 2. [36] respectively. These are extremely low diffusion constants, which indicate that the defect clusters are rather stable at such temperature. The average diffusion distance can then be calculated using the standard random walk equation:
where x is the diffusion distance, D is the diffusivity and t is the time. At room temperature, it requires years for lithium vacancy to diffuse in the order of angstroms. This indicates that each configuration of the defect complex should be very stable at room temperature, which may lead to significant local dipole moments, even including non-uniaxial contributions. However, after only five hours of annealing at 250
• C [38] , the average diffusion distance is predicted to be in the order of tens of nanometers, which indicates the lithium vacancy should still be able to diffuse and sample different configurations of the defect complexes. This is consistent with the experimental observation that the relative peak emission intensities associated with defect structures measured by combined excitation emission spectroscopy can be modified by the annealing of the sample [38] .
Conclusions
The stabilities of various energetically favored defect complex configurations have been investigated and a strong association between the niobium antisite and its compensating lithium vacancies has been observed. The dipole moment of each system has been calculated, with the dipole moments of the lowest energies clusters actually enhancing the local ferroelectric polarization, in contrast to the previous models that had predicted that clusters would decrease the polarization. This is consistent with the experimental observation that congruent LiNbO 3 , in which niobium antisites and lithium vacancies should be abundant, has a higher polarization than that of stoichiometric LiNbO 3 . Thus, the configurations proposed here could explain the discrepancy of polarization between the existing model and experimental data. Therefore, the net polarization of the system may be affected by all of the configurations. While over all this will result in an average uniaxial polarization, at room temperature the non-uniaxial dipole moments associated with the A4 clusters could affect the properties of the system locally and affect the domain-wall dynamics.
Several diffusion paths of lithium vacancies in LiNbO 3 were discussed. A diffusion mechanism through first nearest neighbor jumps on the Li sublattice was predicted to be the energetically favored path. The activation energy calculated based on this diffusion path is in excellent agreement with two of the three experimental values for lithium diffusion. The diffusivity of lithium vacancy was found to be extremely low at room temperature. However, the average diffusion distance was predicted to be on the order of tens of nanometers after five hour annealing at 250
• C, which indicates that lithium vacancies can still migrate through the system, thereby changing the local configurations of the defect complexes at elevated temperatures.
